Plants interact with their environment and they often flower earlier under stress conditions, but how such stressinduced flowering is regulated remains poorly understood. Here evidence is presented that the miR169 family plays a key role in stress-induced flowering in plants. The microRNA (miRNA) miR169 family members are up-regulated in Arabidopsis, maize, and soybean under abiotic stresses. Overexpression of miR169d in Arabidopsis results in early flowering, and overexpression of the miR169d target gene, AtNF-YA2, especially a miR169d-resistant version of AtNF-YA2, results in late flowering. The results suggest that the miR169 family regulates stress-induced flowering by repressing the AtNF-YA transcription factor, which in turn reduces the expression of FLOWERING LOCUS C (FLC), allowing for the expression of FLC target genes such as FLOWERING LOCUS T (FT) and LEAFY (LFY) to promote flowering. It was shown that the expression of genes or miRNAs involved in the other flowering pathways, namely the photoperiod (CO), ambient temperature (SVP), ageing (miR156), and gibberelin (SOC1) pathways, was not affected in miR169d-overexpressing plants, suggesting that stress-induced early flowering is a novel signalling pathway mediated by miR169.
Introduction
Timing of flowering is critical for the success of plant reproduction. The timing of floral induction is controlled by sophisticated regulatory networks that monitor changes in the environment, ensuring that flowering occurs under conditions most likely to maximize reproductive success and seed production. Plants can adapt their growth and developmental processes in response to environmental conditions. Under stress conditions such as drought (Nir et al., 1972; Hopkinson, 1977) , high salinity (Kolar and Senkova, 2008) , low temperature (Hatayama and Takeno, 2003) , and high-intensity light (King et al., 2008) , physiological processes are induced to alter developmental timing, allowing the plants to complete their life cycle in a timely manner. Many plants species can be induced to flower by responding to stress factors. Taken together, these facts suggest that flowering induced by these conditions might be regulated by a common mechanism.
The developmental transition from a vegetative to a reproductive phase in plants is genetically controlled by several pathways, which integrate the endogenous developmental state of the plant and environmental cues (Fornara et al., 2010) . These studies have revealed that flowering is regulated by orchestrated changes in the activities of a number of flowering genes. Multiple flowering pathways converge to a small number of genes referred to as 'floral pathway integrators', such as the FLOWERING LOCUS T (FT) gene and the SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) gene (Kardailsky et al., 1999; Kobayashi et al., 1999) . The FT and SOC1 genes receive inputs from multiple pathways, and then activate further downstream 'floral meristem identity genes' such as LEAFY (LFY) and APETALA 1 (AP1) (Abe et al., 2005; Wigge et al., 2005) .
The photoperiod pathway controls flowering of Arabidopsis through a signalling cascade involving GIGANTEA (GI) and the transcriptional regulator CONSTANS (CO). CO promotes flowering by initiating transcription of the FT and TWIN SISTER OF FT (TSF) genes. Gibberellin (GA) is a plant growth regulator. Endogenous GAs participate in regulating flower time through the up-regulation of genes such as LFY and SOC1 (Blazquez and Weigel, 2000; Moon et al., 2003) . Another flowering pathway is ambient temperature. Small changes in ambient temperature regulate flowering time through FT in a thermosensory pathway involving the floral repressor gene, SHORT VEGETATIVE PHASE (SVP) (Lee et al., 2007) . The vernalization pathway and autonomous pathway have a common feature in that they control flowering time by modulating the expression level of the floral repressor FLOWERING LOCUS C (FLC) (Sheldon et al., 2000) . The abundance of the SQUAMOSA PROMOTER BINDING LIKE (SPL) protein increases as the plant ages. SPLs promote flowering by initiating the expression of several other transcription factor genes, such as SOC1 and LFY. SPL proteins are negatively regulated by the microRNA (miRNA) miR156, whose cellular levels are higher in younger plants and progressively decrease as the plant ages Yamaguchi et al., 2009) . Although flowering pathways of plants have been extensively studied, the mechanism of stress-induced flowering is still unclear.
Epigenetic changes associated with flowering in Arabidopsis thaliana grown under abiotic stress conditions such as cold, drought, and high salinity have been discussed in a previous review (Yaish et al., 2011) . However, it remains unclear if miRNAs are involved in stress-induced flowering. The miR169 family is the largest miRNA family in Arabidopsis and is encoded by 14 members; however, only a few members have been annotated with specific functions. MiR169 is upregulated under drought (Li et al., 2008; Zhang et al., 2011) , low temperature (Zhou et al., 2008; Lee et al., 2010) , high soil salinity (Zhao et al., 2009) , nitrogen deficiency , and upon UV-B radiation (Zhou et al., 2007) . These results implied that miR169 family members might be involved in flowering time regulation under abiotic stresses in plants.
Computational prediction and experimental analysis suggest that miR169 targets members of the AtNF-YA gene family (Jones-Rhoades and Bartel, 2004; German et al., 2008) . NF-Y encodes a CCAAT-binding transcription factor, which participates in transcriptional regulation of a large number of genes. Genes encoding NF-Y transcription factors are found in all eukaryotes. In mammals, NF-Y functions as a heterotrimer consisting of single gene-encoded subunits NF-YA, NF-YB, and NF-YC. Individual NF-Y subunits do not appear to have DNA binding or transcriptional activation properties (Maity and de Crombrugghe, 1998) . In Arabidopsis, there are 10 genes coding for the AtNF-YA subunit, and 13 genes coding for NF-YB and NF-YC. The identity of an NF-YA/B/C complex regulating the expression of a particular gene or process in plants has not been determined. Single plant NF-YA genes are known to have functions in nodule development (Combier et al., 2006) , drought tolerance (Li et al., 2008) , and abscisic acid (ABA) response (Warpeha et al., 2007) ; NF-YB genes have functions in embryo development (Lotan et al., 1998; Kwong et al., 2003) , drought tolerance (Nelson et al., 2007) , ABA response (Warpeha et al., 2007) , and flowering time control (Cai et al., 2007) ; and NF-YC genes have functions in ABA response (Warpeha et al., 2007) and CO-dependent flowering time control (Kumimoto et al., 2010) . To date, no NF-YA genes have been found to regulate flowering time.
To understand the potential role of miR169 and NF-YAs in stress-induced flowering in plants, the molecular link among miR169, NF-YA, flowering time, and abiotic stress response was investigated. Evidence is provided indicating that changes in miR169d or AtNF-YA2 expression in transgenic plants alter flowering time. Data are also provided suggesting that AtNF-YA2 affects flowering by targeting FLC through AtNF-YA2, which in turn regulates the expression of downstream flowering pathway genes. The results suggest that the miR169/NF-YA module represents a major regulatory axis for the promotion of flowering in the stress-induced flowering cues.
Materials and methods

Plant materials and culture
Maize and soybean Plants of inbred Zea mays Zheng 58 and Glycine max Huipizhi were used in this study. Seeds of Zheng 58 and Huipizhi were surface sterilized in 10% H 2 O 2 for 20 min, washed with distilled water, and then germinated at 28 °C for 2 d in the dark between two layers of moistened filter paper. Seedlings 1-2 cm tall were transferred to vermiculite and grow at 28/22 °C during the 14/10 h light/ dark cycle. Uniform seedlings with two leaves were selected and were then transferred to 2 litre pots with full-strength Hoagland's nutrient solution (Zhao et al., 2012) . The nutrient solution was replaced with fresh solution every 2 d. After they had grown for 2 weeks, seedlings were harvested separately and subjected to stresses.
Arabidopsis All experiments were performed on the Columbia (Col-0) ecotype of A. thaliana. Plants were grown in a controlled culture room at 22 °C with a relative humidity of 60%. The photoperiods were 16 h light and 8 h dark for the long-day (LD) condition and 8 h light and 16 h dark for the short-day (SD) condition.
Stress treatments
For measurement of miR169 induction Cold stress was performed by placing 2-week-old plants at 4 °C for 24 h. For high salinity treatment, 2-week-old plants were removed from nutrient-supplemented soil and placed into a liquid containing 250 mM NaCl for 24 h. For drought treatment, 2-week-old plants were removed from nutrientsupplemented soil and left to dry on Whatman 3MM paper for 24 h. Seedlings were then sampled for RNA extraction. The stem-loop reverse transcription-PCR (RT-PCR) technique (Varkonyi-Gasic et al., 2007) was used to determine specifically the expression level of the different mature miRNA species under cold, high salinity, and drought conditions (see Supplementary Table S1 available at JXB online for the sequences of the 20 sets of primers used).
For measurement of flowering time Five-day-old seedlings were grown at 10 °C for 7 d as the cold stress treatment. After the stress treatment, the seedlings were transferred to normal growth conditions until the flowering time was scored.
Generation of transgenic plants
The miR169d overexpression construct The 154 bp ath-miR169d precursor sequence was synthesized and inserted into the BamHI and SacI sites of pCAMBIA-35SE under the control of the Cauliflower mosaic virus (CaMV) 35S promoter. Primers are listed in Supplementary Table S2 at JXB online.
The AtNF-YA2 and AtNF-YA2m overexpression construct The AtNF-YA2 sequence [AT3G05690, open reading frame (ORF) plus 3′-untranslated region (UTR)] was PCR-amplified from Arabidopsis cDNA with Pfu DNA polymerase (MBI) using the primer pair HAPFw1 and HAPRv2. To generate miR169-resistant AtNF-YA2m, the 3′-UTR of AtNF-YA2 (nucleotides 1095-1116) was modified to introduce seven nucleotide changes in the miR169 binding sites (5′-AGGGGTACCAGCTTTGACTCG-3′; the underlined letters represent the changed nucleotides). These modifications were introduced by ligation of two PCR products through the common KpnI site, which were amplified from the AtNF-YA2 cDNA with the two pairs of primers, HAPFw1/HAPRv1 and HAPFw2/HAPRv2. Both the AtNF-YA2 and AtNF-YA2m fragments were inserted downstream of the CaMV 35S promoter in pBI121. All plasmid constructs were transformed into plants by the Agrobacterium-mediated floral dip method (Clough and Bent, 1998) , and homozygotic lines were obtained through selection for three consecutive generations. Primers are listed in Supplementary Table S2 at JXB online.
The NF-YA2-FLAG fusion construct
The DNA sequence encoding atNF-YA2 was engineered by PCR to contain an XhoI restriction site at the 5′ end and a BstBI site at the 3′ end (PCR primers are listed in Supplementary Table S2 at JXB online).
The AtNF-YA2-FLAG fusion sequence was cloned into the pER8 vector at the XhoI/SpeI site to form the final NF-YA2-FLAG construct, where NF-YA2-FLAG was expressed using a 17-β-oestradiol-inducible system, pER8 (Zuo et al., 2000) .
Flowering time measurements
Plants were grown in soil in LD (16 h light) or SD (8 h) conditions. Flowering time was measured by counting the number of rosette leaves at flowering, and the flowering time was scored based on the number of rosette leaves at flowering. Thirty plants were measured and averaged for each measurement and statistical treatment. Cold stress and salt stress were selected to explore the difference in flowering time of Arabidopsis plants overexpressing miR169 and expression of its targets under stress conditions. Five-day old seedlings were grown at 10 °C for 7 d and transferred to normal growth conditions (22 °C). Flowering time was then measured.
GA treatments
Plants were grown in soil in LD and SD conditions, and sprayed with a 20 mM GA 3 solution twice a week until flowering.
RNA isolation and qRT-PCR
Total RNA was isolated from 15-day-old seedlings grown under LD and SD conditions using Trizol reagent (Invitrogen, USA). RNA concentration and quality were determined by spectrophotometry and gel electrophoresis. Total RNA was treated with DNase I (Promega, USA), and cDNA was synthesized following the manufacturer's instructions (First Strand cDNA Synthesis Kit, TOYOBO, China). Real-time quantitative RT-PCR for mature miRNAs was performed with stem-loop reverse transcription primers specific for mature miRNAs as previously described (Varkonyi-Gasic et al., 2007) . U6 RNAs of maize and soybean were selected as an internal control for stem-loop qRT-PCR. qRT-PCR was performed using an Applied Biosystems (http://www.AppliedBiosystems.com) Prism 7500 analyzer and SYBR Premix Ex Taq™ (Code DRR041A, TAKARA). For each genotype, three or four independent biological replicates, each consisting of 10 individual plants, were analysed. Sample comparisons were performed using the 2( -ΔΔCT ) method (Livak and Schmittgen, 2001 ).
β-Oestradiol treatment of transgenic NF-YA2-FLAG plants β-17-Oestradiol (Sigma-Aldrich, USA) was dissolved in dimethylsulphoxide (DMSO) to make a 100 mM stock solution and stored at -20 °C. To monitor transgene expression, transgenic seeds were directly sown in soil and germinated and grown for 8 weeks in a growth chamber at 22 °C with 14 h light/10 h dark. Seedlings were sprayed with 3 μM β-oestradiol and the treated rosettes were harvested at 24 h post-treatment. Mock transgenic plants were used as the control.
Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was carried out as described (Bowler et al., 2004) . Chromatin extracts were prepared from young leaves treated with formaldehyde. The chromatin was sheared to an average length of 500 bp by sonication, and immunoprecipitated with FLAG tag-specific monoclonal antibody (catalogue no. A2220, Sigma). FT was used as the negative control. The fold enrichment to evaluate the quality of each ChIP sample was tested by qRT-PCR as described in Fig, 7 and Supplementary Fig, S2 at JXB online; all the primers used for ChIP-qPCR are listed in Supplementary Table S4 .
Purification of AtNF-YA2 protein and electromobility shift assays (EMSAs)
AtNF-YA2 was cloned into the pET-30(a) vector (Novagen, Germany) and expressed in Rosetta (DE3) Escherichia coli, and the AtNF-YA2 protein was purified using QIAexpressionist™ (QIAGEN, Germany). Double-stranded DNA probes (120 ng μl -1 ) were labelled with [γ-32 P]dATP using T4 polynucleotide kinase (Promega, USA). Binding reactions for the EMSA were performed in a 10 μl volume with 2 μg of purified AtNF-YA2 recombinant protein and 1 μl of labelled probes for 30 min at 4 °C in a buffer containing 125 mM HEPES pH 7.6, 250 mM KCl, and 50% (v/v) glycerol. The reaction products were run in 5.4% polyacrylamide gels (acrylamide/bis ratio of 19:1 w/w) in electrophoretic buffer containing 142.79 g l -1 glycine, 30.2 g l -1 TRIS, and 3.92 g l -1 EDTA, pH 8.0, and then autoradiographed .
Results
MiR169 is up-regulated by abiotic stresses in plants
MiR169 was previously shown to be up-regulated under drought and cold stresses in Arabidopsis (Li et al., 2008; Zhou et al., 2008; Zhao et al., 2009; Lee et al., 2010) and under salt stress in rice and cotton (Zhao et al., 2009; Yin et al., 2012) . Here experiments were carried out to investigate whether stress-induced miR169 up-regulation is a universal phenomenon and whether all members of the miR169 family are up-regulated by stresses. The monocotyledonous species maize and the dicot soybean were selected and treated with abiotic stresses. The maize miR169 family consists of 18 known members that represent 10 different mature sequences with minor sequence variations (Zhang et al., 2009 ) and the soybean miR169 family has 14 known members with 10 different mature sequences (Wong et al., 2011) .
As shown in Fig. 1A , five of the 10 maize miR169 sequences were up-regulated under cold (zma-miR169c/r, zmamiR169d, zma-miR169e, zma-miR169l, and zma-miR169m/ n/q), high salinity (zma-miR169c/r and zma-miR169m/n/q), or drought (zma-miR169c/r, zma-miR169d, zma-miR169e, and zma-miR169m/n/q) conditions, with miR169c/r and 169m/n/q showing particularly strong induction. Most of the other members were slightly up-regulated under one or more of the three different stress conditions (Fig. 1A) . In soybean, eight of the 10 mature miR169 sequences (with the exception of gma-miR169h and gma-miR169j) were shown to be up-regulated in response to all three stresses (Fig. 1B) . These results indicated that stress-induced miR169 up-regulation occurs across a variety of plant species, including Arabidopsis ( Supplementary Fig. S1 at JXB online), rice, cotton, maize, and soybean, suggesting that it is a universal phenomenon. Importantly, few miR169 members were found to be downregulated under stress conditions.
MiR169d overexpression promoted flowering in transgenic Arabidopsis
While miR169 was known to be up-regulated dramatically under stress conditions in plants, the function of miR169 in plant stress response had not been fully determined (Li et al., 2008; Zhang et al., 2011) . Plants tend to flower earlier under stress conditions, and it was therefore investigated if miR169 might be involved in this stress-induced early flowering.
First Arabidopsis were transformed with a construct overexpressing the precursor transcript of Arabidopsis miR169d, the counterpart of the maize and cotton miR169d that was strongly up-regulated under stress conditions. qRT-PCR analysis of selected transgenic lines indicated that miR169d expression increased significantly in comparison with the wild-type control ( Fig. 2A) .
To assay for flowering time, wild-type and transgenic miR169d Arabidopsis were planted and grown under either LD or SD conditions. Under LD conditions, wild-type Arabidopsis flowered with an average of 11 rosette leaves, whereas the P35S:miR169d plants flowered with an average of seven rosette leaves (Fig. 2B, C) . As expected, under SD conditions, the wild-type Arabidopsis flowered much later than under LD conditions, with an average of 22 rosette leaves. In contrast, the transgenic plants still flowered with an average of seven rosette leaves, far earlier than the wildtype plants. Thus, the overexpression of miR169d promoted flowering in the Arabidopsis transgenic plants, and this early flowering was no longer influenced by photoperiod.
Seven AtNF-YA genes are down-regulated by miR169d in transgenic Arabidopsis
The AtNF-YA gene family was previously predicted as a target of ath-miR169 by computational identification (Jones- Rhoades and Bartel, 2004) and RNA degradome sequencing (German et al., 2008) . This gene family is comprised of 10 members and codes for the CCAAT-binding factor HAP-like proteins. The expression of seven AtNF-YA genes (AtNF-YA1, AtNF-YA2, AtNF-YA3, AtNF-YA5, AtNF-YA8, AtNF-YA9, and AtNF-YA10), potentially targeted by miR169d, was investigated in transgenic P35S:miR169d lines using qRT-PCR. As shown in Fig. 3 , all seven genes were down-regulated, of which AtNF-YA2, AtNF-YA8, and AtNF-YA10 were downregulated more than the other four AtNF-YA genes in transgenic miR169d plants. AtNF-YA2 (At3g05690), AtNF-YA8 (At1g17590), and AtNF-YA10 (At5g06510) encode proteins of 296, 328, and 270 amino acids, respectively, and the miR169d target sites are localized in their 3′-UTR.
AtNF-YA2 overexpression delayed flowering in transgenic Arabidopsis
To examine if AtNF-YA gene down-regulation by miR169d might be responsible for the early flowering phenotype, constructs overexpressing either a wild-type (AtNF-YA2) or a mutant (AtNF-YA2m) version of the AtNF-YA2 gene were generated (Fig. 4A) . AtNF-YA2m was constructed by modifying the miR169d target sequence in the 3′-UTR (Fig. 4A) , preventing miR169d-directed cleavage. The wild-type and mutant constructs were transformed into Arabidopsis to produce transgenic lines overexpressing AtNF-YA2 and AtNF-YA2m.
The transgenic plants were first analysed for flowering time under LD (16 h light) and SD (8 h light) conditions. Under LD conditions, the P35S:AtNF-YA2 plants flowered with an average of 12 leaves, slightly later than the wildtype plants with an average of 11 rosette leaves. However, the P35S:AtNF-YA2m plants flowered with an average of 14 leaves, much later than the wild type and also later than the P35S:AtNF-YA2 plants (Fig. 4B) . Under SD conditions, the P35S:AtNF-YA2 plants flowered with an average of 27 rosette leaves and the P35S:AtNF-YA2m plants with 33 leaves, both later than the wild-type plants with an average of 22 rosette leaves (Fig. 4B) . When the P35S:miR169d transgene was introduced into the P35S:AtNF-YA2 plants by crossing, the flowering time was reduced to that of the level of the P35S:miR169d plants (Fig. 4B) . Taken together, these results suggested that increased AtNF-YA2 expression delays flowering, and that miR169d-mediated regulation of AtNF-YA family genes plays a role in the control of flowering time in Arabidopsis.
To investigate further the relationship between miR169d or AtNF-YA2 expression and the flowering time, the transgenic plants were analysed for miR169d abundance and AtNF-YA2 transcript level. Total RNAs were extracted from rosette leaves of wild-type and transgenic plants grown under LD conditions and used for qRT-PCR.
The miR169d level was higher in the P35S:miR169d than in the wild-type plants, and, correspondingly, the AtNF-YA2 mRNA level was lower in P35S:miR169d than in the wild-type plants (Fig. 5A, B) , indicating that miR169d directs silencing of AtNF-YA2. As expected, the level of AtNF-YA2 transcript was much higher in the transgenic P35S:NF-YA2 and P35S:NFYA2m plants, but it was reduced to almost the wild-type level in the P35S:NF-YA2×P35S:miR169d plants obtained by crossing (Fig. 5B) . Similar results were obtained under SD conditions. Thus, the expression of AtNF-YA2 appeared tightly controlled by miR169d, and showed a good inverse correlation to the flowering time shown in Fig. 4 . Interestingly, the endogenous miR169d level was significantly reduced in the P35S:NF-YA2 and P35S:NF-YA2m plants (Fig. 5A, B) . It is suggested that this may be due either to the feedback regulatory mechanism previously observed for miR172 (Schwab et al., 2005) or to the miRNA target mimicry effect (Franco-Zorrilla et al., 2007) , although the latter is less likely because the miR169d target site is mutated in P35S:NF-YA2m.
FLC and its downstream genes are regulated by miR169d and AtNF-YA2
To explore the molecular mechanisms of miR169d-and AtNF-YA2-mediated control of flowering, the expression of (Fig. 6A) , and correspondingly the FLC target genes FT and LFY were significantly up-regulated (Fig. 6B, C) . In contrast, FLC expression levels were increased in the P35S: NF-YA2 and P35S:NF-YA2m plants, particularly in the latter, resulting in significant reduction in FT and LFY expression. Unlike FT and LFY, SOC1 expression was slightly up-regulated in both the miR169d-and AtNF-YA2-overexpressing lines (Fig. 6D) . These results suggest that 
AtNF-YA2 regulates specifically FLC by interacting with the promoter and the first intron of FLC
Previous studies in human and animals suggested that the CCAAT box is a binding site for NF-YA protein (Hou et al., 2010; Pallai et al., 2010) . Sequence analysis suggests that there are several CCAAT motifs located in the FLC promoter and the first intron (Fig. 7A) . To investigate if NF-YAs bind to and regulate the FLC gene, Arabidopsis were transformed with a FLAG-tagged NF-YA2 construct directed by a β-oestradiol-inducible promoter (Zuo et al., 2000) , and ChIP was performed on the transgenic plants using anti-FLAG antibodies. Quantitative PCR (qPCR) was then performed on the FLC sequences using four different pairs of primers, and on the FT sequence using one pair of primers as a negative control (Fig. 7A) . As shown in Fig. 7B , the induced NF-YA2 transgenic plants showed a clear enrichment of the promoter (FLC-P1and FLC-P2) and the first intron (FLC-In1 and FLC-In2) sequences in comparison with mock transgenic Arabidopsis. An interaction between NF-YA2 and paralogues of FLC MAF1-MAF5 was also detected. The result shows no enrichment of the promoter sequences of MAF1-MAF5 in comparison with mock transgenic Arabidopsis, which indicates that NF-YA2 protein cannot bind MAF1-MAF5 genes ( Supplementary Fig. S2 at JXB online). EMSAs were performed to test whether the NF-YA2 protein could bind to the CCAAT in vitro. As shown in Supplementary Fig. S3 , recombinant AtNF-YA2 protein could bind to the CCAAT box in vitro (lane 3). This binding was abolished when the CCAAT core sequence was mutated (lane 4). Taken together, these results suggest that NF-YA2 regulates the expression of FLC by physically interacting with its promoter and the first intron.
Cold stress accelerates transition to flowering in Arabidopsis
To investigate further if miR169d regulates stressinduced flowering by targeting the FLC-mediated pathway, experiments were carried out to determine whether Fig. 3 . Expression of AtNF-YA family members in P35S:miR169d transgenic plants. The expression levels of AtNF-YA family genes were normalized against the Arabidopsis actin2 mRNA. Error bars indicate the standard error of the mean, and the asterisks indicate a significant difference between the indicated groups (t-test, P < 0.005). the environmental stress of low temperature could alter the flowering time in wild-type and transgenic A. thaliana plants. Low temperature caused increased miR169d levels (Fig. 8B) . The flowering time of cold-stressed and non-stressed plants was also analysed and it was found that cold stress had no impact on the flowering time of the P35S:miR169d plants (Fig. 8A) . A possible explanation for this lack of cold response is that FLC expression may have reached a minimum level due to the high abundance of miR169d (Fig. 8C) , and therefore no significant down-regulation can be further induced by cold treatment. Under both SD and LD conditions, the wild-type and P35S:NF-YA2 plants flowered significantly earlier upon cold treatment, whereas the P35S:ATNF-YA2m plants were not influenced in the SD condition (Fig. 8A) . It was deduced that earlier flowering of the cold-stressed P35S:NF-YA2 plants might be due to increased expression of endogenous miR169, causing down-regulation of AtNF-YA2 (Fig. 8C) ; the P35:NF-YA2m transcript cannot be targeted by miR169 and may therefore accumulate at saturated levels both with and without cold treatment, which could explain why the P35:NF-YA2m plants were not affected by low temperature.
miR169 mediates a novel stress-induced early flowering pathway in Arabidopsis thaliana
Several floral induction signalling pathways have been genetically characterized, including the photoperiod, vernalization, ambient temperature, GA, autonomous, and ageing pathways. Transgenic miR169d plants flowered with an average of seven rosette leaves regardless of the LD and SD conditions, indicating that miR169d-mediated early flowering was independent of photoperiod (Fig. 4B) . This was further suggested by the similar expression levels of the photoperiod pathway CO gene in the wild-type and transgenic P35S:miR169d, P35S:NF-YA2, and P35S:NF-YA2m plants (Fig. 9A) . Like CO, the expression level of SVP and miR156 was similar in the wild-type and transgenic Arabidopsis plants (Fig. 9B,  C) , suggesting that the ambient temperature and the recently identified miR156-mediated flowering pathways do not contribute to the miR169-mediated early flowering. Treatment of the P35S:miR169d plants with low temperature for 30 d (vernalization) did not affect their flowering time (approximately seven rosette leaves), but P35S:NF-YA2m plants are insensitive to vernalization (Fig. 9D) . This means that down-regulation of NF-YA via miR169d is not only a cold stress response but also a first and necessary component of the vernalization response. GA did not affect the flowering time of P35S:miR169d plants (approximately seven rosette leaves), while the wild-type and the transgenic P35S:NF-YA2 and P35S:NF-YA2m plants had a similar response to GA treatment (Fig. 9E ). This suggests that miR169d does not participate in the GA-mediated flowering pathway.
As summarized in Fig. 10 , the results suggested the existence of a novel miRNA-mediated regulatory cascade involved in stress-mediated flowering processes in plants. This pathway appears to be parallel to the photoperiod, ambient temperature, gibberellin, autonomous, and ageing pathways.
Discussion
Plants often flower earlier under stress conditions (King et al., 2008; Kolar et al., 2008) . The stress-activated transition to flowering enhances the chance of a plant population surviving a transient period of threatening environmental conditions. While many downstream flowering genes have been well characterized, the upstream component of the stressresponsive pathway remains unknown. Previous reports have shown that miR169 expression in several plant species is inducible under abiotic stress conditions (Li et al., 2008; Zhou et al., 2008; Zhao et al., 2009 Zhao et al., , 2011 Lee et al., 2010; Yaish et al., 2011; Zhang et al., 2011; Yin et al., 2012) . The present expression analysis of Arabidopsis, maize, and soybean also indicated an up-regulation of the miR169 family. These findings suggest that stress-induced miR169 up-regulation is a general phenomenon, and prompted investigation of whether miR169 might play a key role in stress-induced early flowering.
It was demonstrated that ectopic expression of miR169d in Arabidopsis induced early flowering, and this early flowering is correlated with a reduction in the expression of the predicted miR169d target gene AtNF-YA2. Furthermore, it was shown that overexpression of AtNF-YA2, especially a miR169d-resistant version of AtNF-YA2, delayed flowering in the transgenic plants. Thus, the results suggest that miR169d and its target AtNF-YA genes form an upstream regulatory module in the stress-induced flowering pathway. Although overexpression of AtNF-YA2 delayed flowering in the transgenic plants, the rosette leaf number increase after NF-YA2 overexpression is not dramatic (Fig. 4B) . It is deduced that the NF-YA2 gene should be degraded by endogenous At-miR169. On the other hand, NF-YB and NF-YC need to be overexpressed in order to form a better complex for NF-YA.
The results suggest that the miR169/AtNF-YA module functions by regulating the flowering repressor gene FLC. FLC expression was down-regulated in the miR169d overexpression lines and, consequently, the expression of the FLC target genes FT and LFY was up-regulated, resulting in early flowering. This observation suggests that the up-regulation of miR169 expression in different plants species also promotes flowering through the miR169-AtNF-YA-FLC pathway. It would therefore be interesting to test this in other plant species. The involvement of miRNA in regulating FLC expression is consistent with a recent finding that mutations in the miRNA biogenesis gene DCL1 led to delayed flowering and an excessively high level accumulation of FLC transcript (Schmitz et al., 2007) . FLC acts as a repressor of flowering and functions at an integration point of several pathways that control flowering time (Fornara et al., 2010) . Thus, miR169 may play a key role in the flowering signalling networks that integrate endogenous and external stress cues.
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